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ABSTRACT 

The detector complement of the University of Iowa s a t e l l i t e  

Injun IV, which was  launched on 21 November 1964 i n t o  a high l a t i t u d e  

--low a l t i t u d e  orb i t ,  includes a 25 micron t o t a l l y  depleted surface 

b a r r i e r  detector with four discrimination leve ls ,  two of which a re  

sensi t ive to protons i n  the energy in t e rva l  0.52 < E 

(channel A) and 0.90 < E 

electrons of any energy. 

1 March--17 Apri l  1965 has shown the following. 

< 4 MeV - P "  

< 1.8 MeV (channel B) ,  and insensi t ive to 

An analysis  of the data for the  period 
- P -  

(1) Maximum i n t e n s i t i e s  

5 -1 (cm2 see sr) occur a t  L - 3.05 and 

fo r  A and of 4 x 10 (cm see sr)-' for B. 

moves to higher L values as 1: I increases. 

occur f o r  L N > 4.5 and 1s I N > 0.30, except during major magnetic storms 

when time var ia t ions  a re  observed for L 2 2.2. 

spectrum may be described by dj/dE = K/Eo e 

from - 0.38 a t  L = 2.1 t o  0.13 MeV a t  L 2 4.8. 

is located a t  L - 5.6 for protons of E ,> 0.52 MeV and a t  L - 4.8 

for E ,> 0.90 MeV. 

= 0.16 gauss of 1 . 5  x 10 - 
4 2  (2)  The in t ens i ty  maximum 

(3) Time var ia t ions  generally 

(4)  The energy 

with Eo ranging 

( 5 )  The boundary 

P 
The data are  compared t o  the model of NAfCaDA 

P 
e t  al. (1965) and found to agree qua l i ta t ive ly  with t h e i r  predictions.  

Following the 1.7 April  1965 magnetic storm, the d is t r ibu t ion  of 

0.5 MeV protons became bifurcated with a primary in t ens i ty  peak a t  

L - 2.75 and a secondary one a t  L - 3.5. - 
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INTRC EUC TION 

Since the discovery of the low energy ( - 0.5 MeV) protons 

trapped i n  the geomagnetic f i e l d  by DAVIS and WILLIAMSON (1963) 

and BAME e t  a l .  (1963), several  measurements have been reported on 

the in t ens i t i e s ,  angular d i s t r ibu t ions ,  energy spectra,  and time 

var ia t ions  of such protons (KATZ, 1965; FILLIUS, 1966; KRIMIGIS and 

ARMSTRONG, 1966; MIHALOV and WHITE, 1966; ARMSTRONG and KRIMIGIS,  

1967). 

l a t i t u d e s  ( - SOo) and low L values ( L  2 1.1) w i t h  data obtained 

from the University of Iowa polar-orbit ing Injun I V  s a t e l l i t e .  

Preliminary data f rom t h i s  eqer iment  have been reported previously 

(KRIMIGIS and VAN ALLEN, 1965; KRIMIGIS, 1967a, b ) .  In the following, 

constant i n t ens i ty  contours i n  1; I - L space are  presented fo r  protons 

i n  the energy in t e rva l s  0.52 < E 

The energy spectrum parameter Eo i s  computed as a function of L and 

it i s  shown t h a t  a major departure f rom the E 

f o r  L < 3.5 a t  B = 0.19 gauss. The data a re  compared with those 

of VERNOV e t  a l .  (1967) and M I m O V  and WHITE (1966), a t  poin ts  i n  

1x1 - L space where the measurements overlap, and are  found to agree 

t o  within eqe r imen ta l  e r rors .  Final ly ,  data a re  presented on the 

red is t r ibu t ion  of protons i n  the radiat ion zones following the 

The present investigation extends the measurements to high 

< 4 MeV and 0.90 < E < 1.8 MeV. - P -  - P -  

a L-3 l a w  i s  found 
0 

- I'I 

17 April  1965 magnetic storm. 
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THE DETECTOR 

The Injun I V  detector  relevant t o  these observations i s  a 

t o t a l l y  depleted s i l i con  one of t he  surface b a r r i e r  kind i n  the  

form of a t h i n  c i rcu lar  disc, whose thickness i s  25 microns and 

L whose f ron ta l  area i s  1.75 - + 0.2 mm 

detector i s  located ins ide  a conical collimator with a f u l l  ver tex 

angle of 40" and i s  otherwise shielded by a minimum of 10.2 g/cm 

of brass, which corresponds t o  the  range of 95 MeV protons. 

To sh ie ld  against sunlight a nickel  f o i l  whose thickness i s  

0.21 mgm/cm of a i r  equivalent fo r  a -pwt i c l e s ,  was placed i n  

f ront  of t he  detector .  Four e lectronic  discrimination l eve l s  are  

provided. The f i r s t  two (channels A and B) a re  sens i t ive  t o  protons 

and heavier nuclei  and t h e  l a s t  two (channels C and D) a re  sens i t ive  

only t o  p a r t i c l e s  heavier than deuterons (Table I). The scheme f o r  

energy discrimination i s  i l l u s t r a t e d  i n  Figure 1. It i s  noted t h a t  

t he  maximum energy t h a t  an electron may leave i n  the  detector  i s  

nominally 60 keV and t h a t  it takes seven-fold coincidence of 60 keV 

electrons t o  produce a count i n  channel A, 

coupled with a double-delay l i n e  clipped pulse of 200 nanoseconds 

f u l l  width, renders t h e  detector insens i t ive  t o  e lectrons of  any 

(Nuclear Diodes, Inc.) .  The 

2 

2 

The t h i n  detector,  
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energy. 

t h a t  have been used are  iden t i cq l  t o  those described i n  d e t a i l  

elsewhere (KRIMIGIS and ARMSTRONG, 1966). Knowledge of t he  proper 

The electron in sens i t i v i ty  and t h e  ca l ibra t ion  methods 

operation of t h e  instrument i s  assured through an  i n f l i g h t  95Aln241 

source of 5.477-MeV a-par t ic les  which was gold plated t o  obtain a 

f a l l i n g  spectrum between 0.50 t o  3.9 MeV. Thus any change i n  the  

detector  charac te r i s t ics  and/or d r i f t  i n  t h e  discrimination l eve l s  

would be immediately noticeable. No such change i n  the  background 

r a t e  (over t h e  polar  caps) by as much as - + 5% has been observed 

during the  period of t h e  observations on which t h e  present paper i s  

based. 

DATA ANALYSIS 

The Tnjun I V  s a t e l l i t e  was launched on 21 November 1964 i n t o  

a near ly  polar o rb i t  o f  81" incl inat ion,  with i n i t i a l  apogee 

a l t i t ude  of 2502 kilometers and perigee a l t i t ude  of 527 kilometers. 

The s a t e l l i t e  i s  equipped with a permanent magnet and energy- 

d iss ipa t ing  hysteresis  rods so t h a t  it w i l l  maintain a pa r t i cu la r  

axis continuously aligned with the  local. geomagnetic f i e l d  vector.  

Due t o  a la rge  i n i t i a l  angular ve loc i ty  a t  launch and weak damping, 

magnetic alignment did not occur until t h e  la t ter  pa r t  of February 



6 

1965. Thereafter, t h e  axis of t h e  detector  collimator was main- 

ta ined continuously perpendicular ( - + 10") t o  the  l o c a l  magnetic 

f i e l d  vector so t h a t  t h e  detector  was receiving p a r t i c l e s  whose 

p i t ch  angles were 90" - f 30". 

t h i s  paper w a s  obtained during t h e  period 1 March t o  17 April 1965. 

The primary body of da ta  reported i n  

All telemetered data  from t h e  sa t , e l l i t e  are  merged with the  

o r b i t  parameters 

i o to  subsets specif ied by selected ranges of 

i n t e r v a l  used i n  t h i s  study i s  0.1 and t h e  

For a given L in te rva l ,  t he  d i rec t iona l  i n t ens i ty  perpendicular t o  

B i s  p lo t t ed  as a function of From a family of such p lo ts ,  a 

graphical display i s  made of constant i n t ens i ty  contours i n  I B 1 ,  L 

space. 

1 % I , L, and l o c a l  time and subsequently sor ted 
4 

IB I and L. The L 

1s I i n t e r v a l  0.02 gauss. 

-A 

I 1 . 
-3 

OB SERV AT1 ON S 

1. Magnetically Quiet Period. Figure 2 shows the  counting r a t e  

vs invariant  l a t i t u d e  A i n  a typ ica l  s a t e l l i t e  pass for  channels A 

and B. 

at A 

boundary fo r  0.52 < E 

(L e 5.6) and f o r  0.90 < E 

We observe t h e  following: (a) The maximum in t ens i ty  occurs 

(b) The trapping 55" o r  L = 3.05 f o r  both channels A and B. 

< 4 MeV protons i s  located a t  A w 65" 
- P -  

< 1.8 MeV at A NN 63" (L 4.8), at a - P -  
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magnetic l o c a l  time of 4.7 hours. 

r a t e s  of  A t o  B increases for  A >  50" or  L > 2.5 and apparently 

decreases fo r  L < 2.5. Revolution 1818 i s  typ ica l  of many such 

revolutions i n  t h e  t i m e  i n t e r v a l  1 March t o  17 April 1965, a period 

of r e l a t ive ly  low magnetic ac t iv i ty .  The da ta  from a l l  such 

s a t e l l i t e  passes during t h e  forementioned period have been averaged 

f o r  a pa r t i cu la r  1 
i n  constructing constant i n t ens i ty  contours which a re  shown i n  

Figures 3 and 4. 

It can be seen from Figure 3 t h a t  t he  maximum in t ens i ty  fo r  

< 4 MeV proton occurs a t  L - 3 at 

(e) The r a t i o  of t he  counting 

1, L group and t h e  resu l t ing  p lo t s  have been used 

0.52 < E 

t h a t  t he  in t ens i ty  maximum moves t o  higher L values as 

It i s  also observed t h a t  i n  the  region bounded by L > 4.5 and 

I -  5 I - 0.19 gauss and 
3 - P -  

1 g 1 increases.  

N 

I 1 2 0.30 t h e  constant i n t ens i ty  contours show abrupt changes i n  form 
4 

with s m a l l  var ia t ions  i n  

i s  a multiple-valued function of The da ta  

suggest t ha t  t h i s  might be a region i n  which time var ia t ions a re  

important. A de ta i led  examination has revealed t h a t  t h e  above 

impression i s  correct, namely, i n  a given 

L > 4.5 and I 
of time and responds promptly t o  time var ia t ions  i n  t h e  geomagnetic 

f i e l d .  

I B I and L .  I n  several  cases t h e  in t ens i ty  

I li' I f o r  a constant L .  

+ I B I ,L group where 

I > w 0.30 t h e  in t ens i ty  changes rapidly as a function 
Tv 
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Figure 4 shows constant i n t ens i ty  contours fo r  protons of 

energy 0.90 < E We observe t h a t  t h e  general p r o f i l e  i s  

similar t o  t h a t  of t h e  0.52 MeV protons, with the  in t ens i ty  maximum 

moving t o  higher L va3ues as I ‘fi I increases.  It i s  apparent t h a t  

at L > 4.5 and 12 I N > 0.33 f luctuat ions i n  t h e  i n t e n s i t y  occur and 

< 1.8 MeV. - P -  

N 

a re  probably a t t r i bu tab le  t o  time var ia t ions  i n  t h i s  region, 

I n  Figure 5, a p r o f i l e  i n  L at a constant value of 

15 I = 0.19 + 0.01 i s  shown f o r  both channels A and 3; t h e  da ta  - 
are averaged over the  period 1 March t o  17 April 1965. It i s  seen 

t h a t  t h e  features  of t h e  averaged L p r o f i l e  a r e  e s sen t i a l ly  iden t i ca l  

t o  those observed i n  the  single pass shown i n  Figure 2. 

of 0.52 < E 

L = 1.15 t o  1.24 x 10 

0.90 S= E < 1.8 MeV varies  from - 40 (em2 see s r ) - l  a t  L = 1.25 

t o  3.56 x 10 

l a t i t u d e  boundary i s  located a t  L = 5.7 and L = 4.7 f‘or protons of 

The in t ens i ty  

-1 < 4 MeV protons var ies  from - 50 <em2 sec sr)  a t  - P -  
5 (em2 see sr)-’ at L = 3.05, and t h a t  of 

- P -  
4 -1 (em2 see sr)  a t  L = 2.95. The posi t ion of t h e  high 

0.52 MeV and 0.90 MeV energy, respectively,  i f  w e  adopt an a rb i t ra ry  

cutoff value of 1 count/sec which corresponds t o  a f lux  of 

155 (em2 see sr) -1 . W e  note t h a t  t h e  r a t i o  A/B has a minimum 

value at L 2.15 and t h a t  it increases monotonically at higher 

and lower values of L. The increase of t h e  r a t i o  below L = 2.15 i s  

i n  no way correlated t o  the  S ta r f i sh  electrons, s ince the  peak 
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in t ens i ty  of these electrons i s  located a t  an L-value of 1.3 t o  

1.4, as measured by a 302 G.M. tube on t h e  same s a t e l l i t e .  The 

significance of t h e  change i n  the  r a t i o  A/B w i l l  be discussed i n  a 

l a t e r  sect ion.  

F ina l ly  we observe from Figures 3 and 4 t h a t  fo r  I % I N < 0.22 

t h e  L-value at which t h e  m a x i m u m  in t ens i ty  occurs does not decrease 

as 113  I decreases. This r e s u l t  indicates  t h a t  t h e  posi t ion o f  t h e  
4 

i n t ens i ty  m a x i m u m  occurs at t h e  same L value a t  t h e  equator and 

at high l a t i t udes  where I I - < 0.20. Such impression i s  ve r i f i ed  

by the  observations of KIWGIS and ARMSTRONG (1966) and AFMSTRONG 

and KRIMIGIS (1967), using da ta  from the  Mariner I V  and Explorer 33 

spacecrafts, respectively, taken close t o  o r  a t  t h e  equator with 

s i m i l a r  detectors .  

2 .  Time Variations.  The observations presented so f a r  were 

obtained during a magnetically quiet  period i n  t h e  course of which 

t h e  proton i n t e n s i t i e s  at a given point i n  

constant t o  within - + 10% (except fo r  L > 4.5 and 

On 17 April  1965 the re  occurred a sudden commencement at 1312 UT 

I B' I , L  space were 

I I - > 0.30). 

followed by a magnetic storm w i t h  A 1 B" I - - 160 gamma at t h e  main phase 

maximum, which took place a t  - 0830 UT on 18 April. The d is t r ibu-  

t i o n  of 0.52 MeV and 0.90 MeV protons was severely disturbed a f t e r  
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t he  17th of April. 

Injun I V  i l l u s t r a t i n g  t h e  change i n  the  d is t r ibu t ion .  

pass was taken p r i o r  t o  the  sudden commencement, while t h e  second was 

taken a t  t h e  time of t he  main phase maximum; t h e  3rd and 4th passes 

were taken two and twelve days, respectively, a f t e r  the  main phase 

maximum.  Ne observe t h e  following: (a) The boundary moved from 

i t s  pre-storm value of L - 5.8 t o  L - 4 during the  main phase, and 

back t o  L - 5.5 on April 20. 

from a broad peak centered a t  L - 3.0 t o  a narrow peak centered a t  

5 - - 2.75, while t he  in t ens i ty  a t  t he  peak increased by - 50%. 

(e) On 20 April and a t  L N 3.5 there  i s  evidence of t h e  presence 

of a secondary peak which, on 30 April, appears t o  be a semi- 

permanent fea ture  of t h e  proton d is t r ibu t ion .  

was observed fo r  t he  0.9 MeV protons, except t h a t  t he  evidence for  

a secondary peak i n  the  in t ens i ty  i s  not convincing. 

shown fo r  30 April pers i s ted  u n t i l  15  June, a t  which time another 

magnetic storm of moderate magnitude ( A 1s 1 - - 100 gamma) changed 

the  d i s t r ibu t ion  t o  one s imilar  t o  tha t  exis t ing p r io r  t o  17 April.  

Figure 6 shows four charac te r i s t ic  passes of 

The f irst  

(b) The in t ens i ty  maximum changed 

- 

Analogous behavior 

The d i s t r ibu t ion  



11 

DISCUSSION 

1. Comparison with Other Observers. The da ta  presented i n  the  

previous sections have been compared t o  those of VEWOV e t  a l .  

(1967) and KHALOV and WHITE (1966). 

taken i n  February and Ju ly  1964 using a so l id  s t a t e  detector  t o  

measure protons i n  the  i n t e r v a l  0.90 < E 

Mihalov and White were taken i n  August 1964. 

are compared i n  Table 11. It i s  seen tha t  although t h e  observations 

were made at d i f fe ren t  time periods, t he  agreement i s  qui te  good. 

The data  of Vernov were 

< 5.5 MeV. Those of - P -  
Representative points  

2. 

time periods 1 Maxch t o  17 April and 25 &ril--31 M a y  A t  

t h e  top of t h e  f igure  i s  p lo t t ed  t h e  r a t i o  of A/B from which t h e  

values of Eo were derived. 

undergoes a change i n  s ign at L - - 2.15 and hence t h e  energy spectrum 

undergoes a rad ica l  change a t  t h i s  vaLue of L .  Using the  two 

data  channels and making t h e  assumption t h a t  t h e  spectrum i s  f a l l i n g  

monotonically i n  t h e  i n t e r v a l  0.52 to 0.90 MeV, w e  may compute a value 

f o r  t he  pwameter E i n  t h e  expression - = - e -E/EO. 

swnption i s  known t o  be correct  for  L 2 2.1 (MIHALOV and WHITE, 1966). 

There w e  indications,  however, t h a t  t h e  d i f f e r e n t i a l  spectrum i s  r i s i n g  

Energy Spectrum. Figure 7 shows a p lo t  of Eo vs L for  t h e  

1965. 

We observe t h a t  t h e  slope of t h e  r a t i o  

The above as- 
0 dE Eo 
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i n  t h e  in t e rva l  0.52 to 0.90 MeV with t h e  peak of t he  spectrum 

located a t  2.5 to 4 MeV for  1.6 - -  < L < 2.0 (FILLIUS, 1966; VERNOV 

et a l . ,  1967). 

0.52 < E < 4 MeV, we cannot r e l i ab ly  compute a value of E fo r  - P -  0 

L values i n  the  i n t e r v a l  1 .6  - -  < L < 2, although it might be possible  

t o  derive such values fo r  L - < 1 .5  on the  assumption t h a t  t h e  spectrum 

i s  peaked at 4 MeV o r  higher. With the  above l imi ta t ions  i n  mind, we 

may now examine t h e  dependence of E 

Since the  energy passband of t h e  f i r s t  channel i s  

on L.  
0 

a. Pre-Storm Spectrum. W e  observe t h a t  Eo a holds i n  t h e  

in t e rva l  3.4 - -  < L < 4.4 only. 

L > 4.4 i s  reminiscent of t h e  s i m i l a r  behavior observed a t  t he  

equator with Mariner I V  (KRIMIGIS and ARMSTRONG, 1966). 

connected with t h e  observation t h a t  t he  spectrum i s  a double 

exponential described by two d i f fe ren t  values of Eo (HOFFMAN and 

The dependence of Eo on L fo r  

It may be 

BRACKER, 1965). 

For L < 3.4 t h e  value of Eo deviates subs tan t ia l ly  

The behavior of E i n  t h i s  region 
0 

from t h e  Eo = L-3 dependence. 

may be understood on the  bas i s  of t h e  theory of NAKADA e t  al. (1965). 

They show t h a t  fo r  a given L a t  t h e  equator, t h e  value of E increases 

as t h e  p i t ch  angle increases, up t o  90". The increase i n  the  value of  Eo 

i s  qui te  pronounced at low L values (L .,, 2) but is not very important at 

0 
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high L values (L - 4-5) .  

3.4 < L < 4.4, although we a re  sampling s m a l l  equator ia l  p i t ch  

angles (a  -loo), the  dependence of E on p i t ch  angle i s  not pro- 

n~unced  and the  E 0~ L-3 law holds. 

p a r t i c l e s  whose equator ia l  p i t c h  angles vary from - 10" at L - 3.4 

The da ta  then shows t h a t  i n  t h e  range 

_ -  

0 0 

A t  L < 3.4 we are  observing 
0 

t o  - 30° at L - 2 and hence a re  sampling regions where the  p i t ch  

angle dependence of E i s  strong and E i s  expected t o  decrease. 
0 0 

A fur ther  check on t h i s  in te rpre ta t ion  may be made by observing 

t h e  dependence of Eo on I B' 1 . 
(1965) i s  correct ,  one would expect t h a t  a t  a constant T,, E would 

decrease as { I increases,  s ince the  equator ia l  p i t ch  angle of 

the  p a r t i c l e  decreases with increasing 

of E vs I B" I f o r  L = 3.05 - f 0.05. 

as 

1 
I 

I f  t h e  theory of NAKADA e t  al. 

0 

-+ I B I . Figure 8 shows a p lo t  

It i s  seen t h a t  Eo decreases 
0 

I IB' I 
I > 0.23. 

I < 0.21  we a re  seeing t h e  expected behavior as predicted by 

increases t o  - 0.21 but it begins t o  increase rap id ly  for  

This r e s u l t  i s  in te rpre ted  t o  mean t h a t  at values of 

N 

NAKADA e t  al., but f o r  15 I > N 0.23 there  a re  important atmospheric 

e f f ec t s  which cause t h e  spectrum t o  become harder.  

b .  Post-Storm Spectrum. Figure 7 a l so  shows the  energy 

spectrum as a function of L f o r  t he  s teady-state  proton d is t r ibu t ion ,  

following the  magnetic storm of 17 April 1965. Several features  
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worthy of note me:  

2.6 < L < 4.5, c o q w e d  t o  t h e  i n t e r v a l  3.4 - -  c= L < 4.5 p r io r  t o  t h e  

storm. 

3 g L < 4.5, but i s  higher than t h e  prestorm value i n  t h e  i n t e r v a l  

2.2 < L < 2.9, and remains unchanged at 2.9 < L < 3. (3) The 

spectrum for L < 2.2 has not changed from its prestorm value. 

The in t e rp re t a t ion  of t h e  change i n  t h e  spectrum must take  i n t o  

account t h e  vaxiation i n  t h e  i n t e n s i t i e s  of both groups 

of p a t i c l e s ,  at 0.52 and 0.90 MeV. 

although one p a r t i c l e  species may have behaved adiabat ical ly  i n  a 

given 1 B 1 ,L in te rva l ,  another species behaved non-adiabatically 

i n  t h e  same 1 1 , L  i n t e rva l .  Thus it appears t h a t  the  e f f ec t s  of 

t h e  storm and t h e  subsequent r ing  current were, on t h e  whole, non- 

adiabatic.  A de ta i led  study of t he  da ta  during t h i s  storm w i l l  

be published i n  a forthcoming paper (BURNS and XXIMIGIS, 1967). 

(1) The Eo a L-3 l a w  holds i n  the  in t e rva l  

- -  
(2) The value of E i s  l e s s  than i t s  pre-storm value for 

0 

- 
- -  N -  

rv 

Further da ta  show tha t ,  

-+ 
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FIGURE CAPTIONS 

Figure 1. AE vs E curves fo r  protons and a-par t ic les  incident 

v e r t i c a l l y  on a 25 micron s i l i con  detector  with a 0.21 

mg/cm nickel  f o i l  i n  f ront .  2 

Figure 2. Typical pass of the  Injun I V  s a t e l l i t e  showing t h e  

counting r a t e  due to protons i n  the  specif ied energy in t e rva l s .  

The value of 

shown at t h e  bottom. 

1 B' I, magnetic l o c a l  time,and Universal t i m e  a re  

Figure 3.  

Figure 4. 

Figure 5. Counting rate p r o f i l e  a t  constant 1s I i n  t he  indicated 

energy in t e rva l s .  Note t he  change i n  the  spectrum on e i the r  

s ide of L - - 2.15. 

C c x x k a n t  i n t ens i ty  contours for  0.52 < E 

Same as Figure 3 but for  0.90 < E 

< 4 MeV protons. - P -  
C1.8 MeV protons. - P -  

Figure 6. Redistribution of trapped protons during and a f t e r  t h e  

17 April 1965 storm. 

i s  c lear  on 20 A p r i l .  The d i s t r ibu t ion  pers i s ted  u n t i l  

1 5  June 1965. 

Evidence for  t h e  bifurcated d i s t r ibu t ion  

Figure 7. Energy spectrum of trapped protons before and a f t e r  t he  

17 April 1965 magnetic storm. 

are  ambiguous (see t e x t ) .  

Values of Eo below L = 2 
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Figure 8. Dependence of Eo on 1 B' 1 . The e f f ec t  of t he  atmosphere 

i s  c lear  for 15 I > N 0.23. 
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